Western red cedar (WRC) is highly valued for its natural durability. Rapid methods to assess heartwood durability are needed to identify breeding stock that will ultimately yield trees with durable wood when harvested. Chromatographic methods to detect heartwood extractives have been developed, but these still require significant time and laboratory resources, and rely upon an understanding of the relationship between extractives and durability that is still incomplete. Visible/Near infrared (VIS/NIR) spectroscopy combined with multivariate statistical analysis has been used to rapidly predict a wide range of wood properties, including extractive content and decay resistance. The present work investigates the ability of VIS/NIR spectroscopy to predict extractive content, decay resistance and termite resistance of WRC heartwood, and explores the association between extractive content and durability. Partial Least Squares (PLS) models based on VIS/NIR spectra had moderate predictive ability for lignans, plicatic acid, beta-thujaplicinol, and total extractives. Other extractives were poorly predicted. Developed PLS models were not predictive for decay resistance, but were moderately predictive of termite resistance. Decay and termite resistance were not strongly associated with any measured extractive. A moderately strong correlation was observed between termite resistance and red coloration (a*). Some of the models developed may be suitable for screening, but none are accurate enough for phenotyping.
Introduction Western red cedar (WRC) is highly valued for its decay, and to a lesser degree, termite resistance. Decay resistance varies both between and within trees (Cartwright 1941 , Englerth and Scheffer 1955 , Scheffer 1957 , DeBell et al. 1999 , Freitag and Morrell 2001 . Decay resistance tends to increase radially from pith to the heart/sap boundary, and longitudinally from crown to base. Building products cut from different trees, and different parts of the tree, thus have differing decay resistance. In field decay tests WRC wood product performance is variable, but considerably better than that of non-durable species (Flaete et al. 2011 ). The The termite resistance of WRC is also highly variable. In laboratory tests with Coptotermes formosanus (Formosan subterranean termite) there are reports of relatively low resistance (Mannesmann 1973, Morales-Ramos and Rojas 2001) , and relatively high resistance (Su and Tamashiro 1986 , Taylor et al. 2006 , Ohmura et al. 2011 . Similarly against Incisitermes minor performance has been variable (Rust and Reierson 1977, Indrayami et al. 2007 ). Lab and field tests against Reticulitermes speratus have shown moderately good, but variable, performance (Ohmura et al. 2011) . Laboratory and field tests against R. flavipes have shown highly variable resistance (Carter and Smythe 1974 , Morris et al. 2009 , Kirker et al. 2013 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 above ground conditions. Variations among test materials, termite populations, and test methods, would have contributed to these differences in performance and standardization.
It is important that natural durability be maintained in future forests to resist root-and trunk-rot fungi, and in future harvests to yield durable lumber Russell 2007, Russell and Daniels 2010) . Identifying breeding stock that produces highly durable heartwood is a timeconsuming task as the trees must be sampled and the wood tested for durability against degrading organisms. Rapid methods to assess heartwood durability are therefore needed.
Heartwood color can provide some indication of decay resistance, though the relationship is the opposite in WRC of that in many other species. Lighter, straw-coloured heartwood often contains more extractives and is more resistant to decay than brown heartwood (MacLean and Gardner 1956 ). However, there are exceptions, and wood colour alone is not considered to be a sufficiently accurate indicator of decay resistance.
The decay and termite resistance of WRC heartwood is well known to be associated with the presence of extractives, and extractive production has been found to be a heritable trait (Russell and Daniels 2010) . Methods have been developed to measure extractives for use as a proxy for durability (Daniels and Russell 2007) . Chromatographic analysis of extractives still requires significant time and laboratory resources. Moreover, such data are difficult to utilize without a fuller understanding of the relationship between individual extractives and durability .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 The thujaplicins are highly toxic to decay fungi in vitro (Rennerfelt 1948) , but deplete rapidly in field tests (Johnson and Cserjesi, 1980) and have not been strongly associated with decay resistance in laboratory tests (DeBell et al. 1997) or field tests (Morris and Stirling 2012) . The lignans, including plicatic acid, are reported to have mild fungal toxicity (Roff and Atkinson 1954), but they are present after long-term field exposure (Stirling 2010) and had the greatest association with decay resistance in field tests (Morris and Stirling 2012) . The compounds contributing to termite resistance have received less attention and may be different from those contributing to fungal resistance (Barton et al. 1972) . Taylor et al. (2006) found only weak correlations between weight loss from Postia placenta and weight loss from C. formosanus.
Mechanisms other than direct fungal toxicity, such as reduced equilibrium moisture content (Stirling and Morris 2006) or radical scavenging properties (Stirling et al. 2007 ) may account for much of WRC's durability.
Given the lack of certainty in the relationship between specific extractives and decay or termite resistance, an alternative approach was considered. Visible/Near infrared (VIS/NIR) spectroscopy, when combined with multivariate statistical modeling, can be used to predict a wide range of chemical and physical wood properties. Extractive content has been predicted from NIR spectra of eucalyptus (Baillères et al., 2002, Poke and Raymond, 2006) , Goncalo alves (Taylor et al. 2008 ) and teak (Niamké et al. 2014) . Baillères et al. (2002) went on to suggest that NIR would be a useful tool for rapidly identifying trees with desirable traits for breeding. Decay resistance has been predicted from NIR spectra in larch heartwood (Gierlinger et al. 2003 , Sykacek et al. 2006 , and in Scots pine heartwood (Flaete and Haartveit 2004) . No reports of   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 using NIR to predict termite resistance were found, though this approach has been suggested by Kijidani et al. (2012) .
The present work investigates the ability of VIS/NIR spectroscopy to predict extractive content, decay resistance and termite resistance of WRC heartwood, and explores the association between extractive content and durability.
Experimental Methods

Modeling Extractive Concentrations
Twenty five frozen WRC disks from a previous study (Daniels and Russell 2007) were selected.
These disks had been frozen to protect the extractives from biodegradation. Based on previous experiments, the freezing process was not anticipated to have significant effects on extractives chemistry. Fourteen of the samples came from sites in coastal British Columbia; eleven came from sites in British Columbia's interior wet belt. Two samples were old-growth; the remainder were second-growth. Disks came from various heights on the trees. Strips (12 x 12 mm) were cut from pith to bark, or bark to bark through the pith, from each disk. All strips were air-dried, measured into 12 mm segments, and labelled on the cross-sectional faces. Visual observations of decay, staining, pith, knots, and sapwood/heartwood were made for each section. One of the radial faces of each strip was sanded with 280-grit sandpaper.
A sample holder was fabricated that allowed the sample to slide beneath the VIS/NIR light source. A 12 mm opening allowed illumination and data collection from a known area, while blocking stray light. VIS/NIR spectra were collected from the sanded radial face of each 12 mm Reflectance spectra were obtained from 350 -2500 nm using an ASD Labspec 5000 VIS-NIR spectrometer (Boulder, CO, USA) with 1 nm resolution.
After scanning, each segment was chopped into 12 mm sections that corresponded to where the spectra had been collected. These 12 mm cubes were chopped into splinters, and extracted and analysed for extractive content by the HPLC method of Daniels and Russell (2007) . Plicatic acid, thujaplicatin methyl ether, alpha-, beta-, and gamma-thujaplicin, beta-thujaplicinol, thujic acid, and methyl thujate were quantified. In addition, the peak area ratio for plicatin was determined since no pure standard was available to quantify this compound.
Samples from five pre-selected disks (three coastal, two interior) were excluded from model development to serve as an external validation data set (n = 121). In addition, 26 samples with noted deformities (e.g. knots, pith, or insect damage) were also excluded. The remaining samples (n = 293) were used to develop Partial Least Squares (PLS) models to predict extractive concentrations using Grams AI 8.0 with PLSplus/IQ (Thermo Electron Corp.). The PLS technique is a form of regression analysis that is useful for parameter selection in the regression analysis and the building of the model. PLS works by identifying orthogonal principal components from spectral data and concentration data matrices that maximize covariance between the data sets. The PLS-1 algorithm with full cross-validation was used for all models.
Extractives were modeled individually, and collectively, as identifiable lignans (plicatic acid and thujaplicatin methyl ether), thujaplicins (alpha, beta and gamma-thujaplicin and beta- (Meder et al. 2002) . Optimizied extractives models used spectra that were mean centered, variance scaled, and adjusted with the multiplicative scattering correction (MSC). Other preprocessing techniques were investigated, including taking the first and second derivatives of the spectra, modelling selected regions, and excluding sapwood samples. Models to predict extractives concentrations based on these data were not fully developed as they did not improve performance.
Modeling Decay and Termite Resistance
Experimental design was based in part on that of Flaete and Haartveit (2004) . From each of the WRC disks described above, samples were cut from the inner heartwood and the outer heartwood ( Figure 1 ). Inner heartwood samples were taken at a location centered on 1/3 the distance from the pith to the heart/sap boundary. Outer heartwood samples were taken as close to the heart/sap boundary as possible without including any sapwood. End grain previously exposed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 on the disk was not included in any of the samples. From each sampling location a 14 mm (radial) x 70 mm (tangential) piece was cut. Each piece was then cut into three 14 mm rows surrounded by 1 mm strips. Four cubes were cut from each 14 mm piece. The 1 mm strips were ground to pass through a 20 mesh screen and analyzed for extractives as described above.
Averaged extractive data from strips cut above and below the test blocks were associated with these blocks. Two cubes from each row were allocated to decay testing, and two to termite testing.
The 14 mm cubes were conditioned to constant weight at 40°C. VIS/NIR spectra were obtained from each radial surface as described above. Block surfaces were not sanded as earlier work demonstrated that this was not necessary to collect high quality spectra from the relatively smooth sawn faces of the blocks. The two spectra obtained from each block were averaged and used to model decay and termite resistance.
Leaching and accelerated aging to promote biodegradation of extractives were used to simulate long-term performance in service before initiating decay and termite tests. Blocks were leached based on the methods outlined in AWPA E10 (AWPA 2009). Water was changed after one, two, five, seven, nine, and twelve days. Blocks were removed on day 14 and allowed to air dry. The blocks were then exposed to conditions conducive to the growth of detoxifying organisms in an uninoculated mold box at 25°C and close to 100% RH for six weeks according to the methods of Stirling and Morris (2011) . Blocks were removed from these chambers and stored outside for approximately one hour at weeks 0, 2, and 4 to provide an opportunity for inoculum to reach the samples. The blocks were then reconditioned at 40°C and weighed. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Blocks for decay testing were weighed, vacuum-sealed in polyethylene, and sterilized by 25 kGrays of ionizing radiation. Cylindrical glass jars (500 mL) were half-filled with soil (horticultural loam) that was adjusted to approximately 50% moisture content. The soil was topped with two 3 x 29 x 35 mm southern pine sapwood feeder strips, and the assembly sterilized by autoclaving at 103.4 kPa and 121°C for one hour with five minutes of drying. After cooling on a clean air bench, each jar was inoculated with Coniophora puteana (Schum. ex Fr.) Karst., Ftk 9G from the edge of colonies on plates containing 1% malt extract agar (Oxoid). C. puteana was chosen because it is moderately resistant to WRC extractives and produces high weight losses in WRC in laboratory decay tests (Chedgy et al., 2009, Stirling and Morris, 2010) and had been noted by the authors fruiting on WRC trees. Following inoculation, jars were closed with a vented sterile lid. The jars were incubated at 25°C and 80% relative humidity for six weeks before the test blocks were added. Two blocks from different groups were placed in each jar. The jars were incubated following ASTM D 2017 methods (ASTM 2005) . Pine sapwood control blocks were removed after 7, 8, 9, and 10 weeks of incubation. At 10 weeks weight loss in the pine sapwood controls that were removed reached 50%, and the remaining blocks were removed from test, conditioned, and weighed.
Blocks for termite testing were challenged with Coptotermes formosanus Shiraki (Formosan subterranean termites) in a modified no-choice AWPA E1 test (AWPA 2012) . Due to limited testing capacity, samples were evaluated in different batches. One replicate from each sampling location was included in each batch to prevent bias caused by inter-batch variability. Batches 1 and 2 were conducted using 200 Formosan subterranean termites, with 180 workers and 20 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 soldiers (10%) in each test jar to reflect normal caste proportions in a termite colony. Due to collection difficulties, the number of termite soldiers in each test jar had to be reduced slightly for batches 3, 4, and 5. For these batches 180 workers + 10 soldiers were used. Although the effect of minor differences in soldier numbers was not quantified, the test period was extended by 1 day for batches 3-5 under the assumption that the reduction in termite numbers would logically slightly reduce feeding rate (although soldiers do not feed directly, they must be fed by the workers). Thus, Batches 1 and 2 ran for 14 days; while Batches 3, 4, and 5 ran for 15 days.
Each test jar contained 75 g silica sand, and 15 mL distilled water (half the quantities used in the usual AWPA E1 test with wafers weighing twice as much as the samples in this test). Each sample was placed on the surface of the damp sand, then freshly collected and counted termites (collected in wooden traps from a colony on the campus of the University of Hawaii at Manoa) were added to the sand surface. Jars were kept in an unlighted incubator at 28°C. After 14 and 15 days respectively, the wood samples were removed carefully, brushed free of sand, oven dried at 40°C for 48 hours, placed in a desiccator for 60 minutes at lab conditions, and weighed to determine mass loss. Live termites in each jar were counted to determine mortality.
Observations from the initial two batches of termite testing suggested that measurement in the visible region of the spectrum might be predictive of termite resistance. To test this hypothesis, colorimetric data (L*a*b*) were collected from the radial faces of each remaining block using a Konica Minolta CM-700d spectrophotometer and correlated with termite resistance in WRC. L* measures lightness on a scale from 0 to 100, a* indicates green (negative) and red (positive) colouration, and b* indicates blue (negative) and yellow (positive) colouration .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Correlations between decay and termite resistance, extractive concentrations, and colorimetric data were determined using SPSS. The optimized PLS model to predict decay resistance from VIS/NIR spectra used first derivative spectra (240 calibration samples, 60 validation samples)
The optimized PLS model developed to predict termite resistance from VIS/NIR spectra used first derivative spectra from 425 to 1800 nm (209 calibration samples, 41 validation samples).
Results and Discussion
Extractives Prediction
Extractive concentrations ranged widely in the test data set (Table 1 ) and were similar to literature values (Daniels and Russell 2007) . Since the present data set included sapwood, the minimum values were almost all zero. PLS models were developed for each extractive, and class of extractives. None of the developed models had a high degree of accuracy, but several performed moderately well (Figures 2-6 ). Note that the lines in these Figures show where predicted data equal measured data; they are not indicative of linear regression. Models for lignans, plicatic acid, beta-thujaplicinol, and total extractives all had RPE > 0.6 and r 2 (validation) > 0.70. The lignans model largely reflected the correlation with plicatic acid, as plicatic acid was the major constituent of the measured lignans, and thujaplicatin methyl ether was poorly predicted. PLS models were somewhat predictive of total thujaplicin concentration, but less able to predict the concentrations of individual thujaplicins (with the exception of betathujaplicinol). Since fungal toxicities of the thujaplicins are comparable (Rennerfelt 1948 , Roff and Whittaker 1959 , Stirling et al. 2007 , it is the total amount of thujaplicins that is of interest.
Prediction of the abundance of plicatin was also fair. The developed models could potentially be used as screening tools to select wood high (or low) in these extractives. The non-thujaplicin 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 terpenes were poorly modeled (RPE < 0). There was a tendency to over-estimate the concentration in samples with low levels of terpenes, and under-estimate the concentration in samples with high levels of terpenes (Figure 4) . Similar, or worse, predictive abilities were found for thujic acid and methyl thujate individually. The lack of sensitivity to the terpenes may be beneficial, since these compounds are not known to be associated with durability (Russell and Daniels 2010) .
Decay
A wide range of weight losses were observed in the WRC blocks exposed to C. puteana, making the data set suitable for developing predictive models (Table 2) . Weight loss classifications ranged from non-resistant to highly resistant (ASTM D 2017). PLS models developed to predict decay resistance were poor (Figure 7) . Based on the present data set, prediction of decay resistance based on VIS/NIR spectra does not appear feasible.
The relationship between decay resistance and extractive concentrations was examined to determine whether measurement of any specific extractive or group of extractives could enable prediction of decay resistance. Correlations between fungal weight loss data and specific extractives or groups of extractives were very low (Table 3) . Previous attempts to correlate extractives with decay resistance in laboratory tests using unleached, fresh wood blocks also found poor correlations, but did conclude that samples with high concentrations of thujaplicins were more resistant to decay (DeBell et al. 1997) . In the present work, leaching and potential 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 plicatic acid and plicatin concentrations contrast with the moderate correlations found in field tests (Morris and Stirling 2012) . This may be due to different organisms causing decay in the field tests than those used in this laboratory test.
Correlations between color and decay resistance were also examined (Table 4) . Lightness (L*) and yellowness (b*) were not significantly correlated with decay resistance, while there was a small but significant correlation between redness (a*) and decay resistance. This may suggest an association between decay resistance and the polyphenolic polymers associated with color in WRC (Kai and Swan 1990, Johansson et al. 2000) .
Termites
The WRC blocks had an average weight loss of 27.9%, and average termite mortality of 6.1% (Table 2 ). There were wide ranges in weight loss and termite mortality, suitable for this correlational study. There were minor variations in weight loss between batches as would be expected with this type of testing. Since non-durable controls were not included, and deviations from the standard method were made, these data should not be considered indicative of WRC's termite resistance in general.
VIS/NIR spectral data from batches 1 to 5 were used to develop models to predict weight loss.
Correlations between VIS/NIR spectra and termite mortality were too weak for modeling. The developed model had moderate predictive ability (Figure 8 ). It could be used as a screening tool, but would not be sufficiently accurate for phenotyping .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 As with previous findings (Arango et al. 2006) , there was a significant negative correlation between weight loss and termite mortality (R = 0.61, p < 0.001). None of the measured extractives were significantly correlated with weight loss or termite mortality (p < 0.05). These results are consistent with work by Taylor et al. (2006) , which found poor correlations between individual known heartwood extractives and termite resistance. Analysis of these known extractives would therefore not be a suitable method for predicting termite resistance.
There was a small but significant (R = 0.52, p < 0.001) association between weight loss from C. puteana and weight loss from C. formosanus. This is consistent with Taylor et al. (2006) who reported a similar association between weight loss from C. formosanus and weight loss from P. placenta in WRC. This suggests that some, but not all, of the factors associated with decay resistance are also associated with termite resistance.
Average colour measurements from blocks in batches 3 to 5 were correlated with weight loss and termite mortality data (Table 3) . L* and a* had significant associations with weight loss data, while only a* had a significant association with termite mortality. The negative correlation between weight loss and a*, and the positive correlation with termite mortality, suggests an association between red coloured wood and termite resistance. Heartwood colour in WRC has been linked to polyphenolic lignan-based polymers (Kai and Swan 1990, Johansson et al. 2000) .
This association suggests a potential link between these incompletely characterized compounds and termite resistance in WRC. Despite this moderately strong correlation between weight loss, termite mortality, and a*, there is too much variability to reliably predict termite resistance from colorimetric data. 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Red colored heartwood in hinoki (Chamaecyparis obtusa) has been associated with resistance to R. speratus (Kijidani et al. 2012) . Similar observations have also been made in teak (Tectona grandis). Lukmandaru (2011) found poor correlations between extractives fractions and resistance to R. speratus, while significant correlations were found with redness and colour, which were associated with the presence of tannins, quinones, and polyphenols. Further work is needed to understand the associations between color and heartwood chemistry and termite resistance in naturally durable woods.
Conclusion
PLS models based on VIS/NIR spectra had moderate predictive ability for lignans, plicatic acid, beta-thujaplicinol, and total extractives. Other extractives were poorly predicted.
PLS models based on VIS/NIR spectra were not predictive of decay resistance.
Decay resistance was not strongly associated with any measured extractive or with wood color.
PLS models based on VIS/NIR spectra were moderately predictive of termite resistance.
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